Abstract. Sulfate is a pollutant present in the mining waste water and acid mine drainage. High levels of sulfate can generate important environmental problems. One of the alternatives proposed for the treatment of water with high levels of sulfate is the use of sulfate-reducing microorganisms. This work describes the synergistic combination of a treatment system for the removal of metals by biosorption with the strain Bacillus sp. NRRL-B-30881 to reduce the inhibiting concentration of metals in waters, followed by a new process of sulfate removal that uses a halotolerant sulfatereducing microbial consortium. The results show that the sulfate reducing consortium can be cultured and is able to reduce the sulfate concentration using cheaper complex organic substrates like spirulina, cellulose and industrial starch. The sulfate reducing consortium was cultured on a bioreactor with Celite R-635, as support material. Using this bioreactor it was possible to reduce the sulfate concentration in the culture medium in batch or semi-continuous operation. An acid mine drainage was pretreated by lime and treated by biosortion in order to increase the pH and reduce the heavy metals concentration. Subsequently the remaining sulfate was removed by the developed process. This integrated biological process represents a more economical alternative for the removal of metal by biosortion and the removal of sulfate using a sulfate reducing consortium.
Introduction
Sulfate is a pollutant present in the mining wastewater and acid mine drainage (AMD). High levels of sulfate can generate important environmental problems [1] . One of the alternatives proposed for the treatment of water with high levels of sulfate is the use of sulfate-reducing microorganisms (SRB) [2] . Nevertheless, this alternative is limited by two reasons. The first one is that the low molecular weight substrates used by the SRB, like lactate, pyruvate and ethanol, are highly expensive. The second one is that the mining effluents having high sulfate concentration contain also high concentrations of metals that have a toxic effect on the SRB [3, 4] . Therefore, it is necessary to find microorganisms capable of hydrolyzing and fermenting high molecular weight substrates producing low molecular weight metabolites that are substrates useful for the SRB [5] . The use of complex substrates for the reduction of sulfate represents advantages since they are more economical [6] .
In this research, a salt tolerant sulfate-reducing consortium has been cultured using high molecular weight substrates, like agricultural wastes. The halotolerant characteristic of the consortium provides the process with a higher flexibility to treat mining effluents that frequently show high levels of salts concentration.
In previous work, our research group has already described a biological method for the removal of metals [7] . This method, called BX ® System, is based on metal biosorption using a Bacillus biomass. This work describes the synergic combination of a treatment system for the removal of metals by the BX ® System (biosorption with the strain Bacillus sp. NRRL-B-30881) to reduce the inhibiting concentration of metals, followed by a new process of sulfate removal that uses a halotolerant sulfate-reducing microbial consortium.
Methodology
Sulfate-reducing microbial consortium and culture medium. The microbial consortium used in this study was enriched from an anaerobic sediment of a saline lagoon. All growth experiments were performed in modified Postgate C culture medium [8] with NaCl 60 g/L and complex substrates (microcrystalline cellulose, starch, spirulina or industrial starch).
Bioreactor set-up and experimental design for sulfate reduction. A PTFE bioreactor with a useful volume of 412 cm3 (dimensions: 49 cm high x 3.3 cm wide) and with Celite R-635, as support material was used. The bioreactor was kept at 28 ºC in a microbiological incubator. The liquid feeding and re-circulation of the bioreactor was performed using peristaltic pumps (ColeParmer Instrument Co., USA). The bioreactors were filled with modified Postgate C culture medium and 2 g/L industrial starch as substrate. In order to keep the anoxic condition, 0.1 g/L thioglycolic acid was used. The bioreactor was inoculated with a culture from the sulfate-reducing microbial consortium. Bioreactor was operated batchwise for 97 days, respectively. After this time, the bioreactor was fed daily in a semi-continuous way.
Bacterial strain and culture medium for metal biosorption. The bacterial strain Bacillus sp. NRRL-B-30881 was used in this study [9] . All growth experiments were performed in the following culture medium ( Metals biosorption of a pretreated acid mine drainage. The pre-treatment of the acid mine drainage (AMD) consisted of adding lime to increase the pH and precipitate copper. The amount of lime used was the necessary one to reach a pH equal to 6.3. The biosorption allows the decrease in the concentrations of metals present in the AMD. The biomass used in the biosorption was produced using the following protocol. Bacillus sp. NRRL-B-30881 was cultured in a fermenter (Multigen F-l000 Fermenter, 2 liters capacity, with aeration, temperature and agitation control, New Brunswick Scientific, U.S.A.) at 28° C for 16 hours with agitation (200 rpm) and aeration (0.75 vvm). Once the culture time elapsed, the aggregated biomass was left to decant and the supernatant was discarded. The biomass obtained was used for the biosorption of the metals present in the AMD. For this purpose, 2 L of acid mine drainage were put in contact with the biomass in the bioreactor for 1 hour with agitation at 75 rpm. Once the biosorption was done, the biomass was left to decant and a supernatant with a low metal concentration was obtained.
Analytical methods. The concentration of H 2 S was determined by colorimetry using the methylene blue method [10] . The turbidimetric method was used to determine the concentration of sulfate [11] . Copper concentration was measured using a Hanna Instruments photometer Serie C99.
Results and Discussion
Removal of sulfate using a sulfate-reducing microbial consortium. The results show that the sulfate-reducing consortium can be cultured and is able to reduce sulfate concentration using cheaper complex organic substrates like spirulina, cellulose and industrial starch.
The microbial consortium was inoculated in a bioreactor with Celite R-635 as support material and using starch as carbon substrate. The bioreactor operated for 97 days batchwise until a sulfatereducing biofilm was formed on Celite R-635. Table 1 shows the changes of the operation parameters of the bioreactor during this experiment. Fig. 1 shows that the concentration of sulfate was below the maximum limit of sulfate for superficial waters in Chile. This condition was maintained throughout the experiment. The concentration of H 2 S showed a significant increase that reached an approximate value of 7.1 mM on day 119. Subsequently, a significant decrease of the H 2 S concentration and an increase of the sulfate concentration were observed. This may be due to a partial inhibitory effect of the high concentration of H 2 S on sulfate reducing bacteria [12] . Other Solid State Phenomena Vol. 262 583 results showed that it is also possible to remove sulfate by a consortium using a bioreactor without support material or with siliceous river gravel, as support material. However, the decrease in the sulfate concentration was more stable in the bioreactor with Celite R-635. Therefore, this support material was selected to treat an AMD. ) and H 2 S ( ) in the effluent of the bioreactor, initial sulfate concentration the culture medium ( ) maximum limit of sulfate established for superficial waters in Chile ( ). The error bars correspond to the standard deviation (n=3).
Integration of the metal biosorption process and the sulfate reduction process. To treat an acid mine drainage, it was necessary to remove toxic metals, which have an inhibitory effect on this microbial consortium (data not shown). To remove the toxic metal, an acid mine drainage was pretreated by lime and treated by biosorption in order to increase the pH and reduce the heavy metals concentration. Subsequently, the sulfate reduction process was carried out.
A) BX ® System Biosorption process: This AMD has a copper concentration of 1400 mg/L and a sulfate concentration of 3602 mg/L. The treatment with lime allowed to decrease the concentration of sulfate from 3602 mg/L (37.5 mM) up to 1801 mg/L (18.75 mM) and the concentration of copper from 1400 mg/L up to 20 mg/L. To remove the copper remaining after the pretreatment with lime, a biosorption process with aggregated Bacillus cells was used [7] . The treatment by biosorption decreased the copper concentration from 20 mg/L up to 1.8 mg/L. ) and H 2 S ( ) in the effluent of the bioreactor, concentration of initial sulfate of the AMD ( ), maximum limit of sulfate established for superficial waters in Chile ( ). The error bars correspond to the standard deviation (n=3). B) Sulfate reduction process: The AMD pretreated by lime and treated by biosorption, was fed into a bioreactor with Celite R-635 from the 10th day. The operating parameters of this bioreactor are shown in Table 2 . The AMD feeding increased the initial concentration of sulfate entering in the bioreactor. However, in the reactor effluent a significant reduction in the sulfate concentration is observed (Fig. 2) . This shows that biosorption eliminated the inhibitory effect of metals. The sulfate concentration was kept under the limit established for superficial waters in Chile, but was surpassed after 18 days. The increase in sulfate concentration could be due to a very high feed rate. The above may be controlled by reducing the feed rate of the solution. However, an inhibitory effect caused by H 2 S cannot be ruled out.
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The findings reported here show that this integrated biological process represents a more economical alternative for the removal of metal by biosorption and the removal of sulfate using a sulfate-reducing consortium.
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